Abstract|In this paper, the region of interest consists of the spherical dielectric earth, coated with a dielectric layer under the air. First, we will derive the formulas for the electromagnetic eld in the earth of a vertical electric dipole located in the air and those of a vertical magnetic dipole, respectively. Then, the formulas for the components of the eld in the air generated by a horizontal electric dipole are obtained by using the reciprocity theorem. Finally, the computations will be carried out.
INTRODUCTION
The problem of the electromagnetic eld generated by a vertical or horizontal antennas situated on or close to the surface of a dielectric-coated planar conducting or dielectric half-space have been investigated because of its wide useful applications [1{4] . The problem has been investigated by King and Sandler [4] and a comment was given by Wait [5] . Recently, Zhang and Pan [9] re-analyze the problem and conclude that the electromagnetic eld include the direct wave, re®ected wave, lateral wave and trapped surface wave. This development, naturally, rekindled the interest in the spherical earth problem.
In this paper, interesting and practically important three-layered spherical regions consist of the air (region 0, r > a), the dielectric layer with its thickness l (region 1, a ¡ l < r < a), and the earth (region 2, r < a ¡ l), as illustrated in Figure 1 . The wave numbers of the three regions are
where " r is the relative permittivity, ¼ is the conductivity, and use is made of the time dependence e ¡i!t . Assuming that the dipole is represented by the current density b xIds he¯( x)¯(y)¯(z ¡ b), where b = a ¡ d, and d denotes the depth of the dipole below the surface of the dielectric layer.
The problem addressed in this paper parallels the analysis carried out in the references [17, 18] . Pan et al. [17] have derived the accurate and simple formulas of the eld of a vertical electric dipole over the surface of a dielectric-coated spherical conducting earth. Lately, Li et al. [18] have derived the simple analytical formulas for the eld of a dipole source situated in the air, including vertical electric dipole, vertical magnetic dipole and horizontal electric dipole, over the dielectric earth coated with a dielectric earth.
The purpose of this paper is to outline the analytical formulas for the eld in the air when the horizontal electric dipole source is located in the spherical earth. These formulas and computations can be used to the subsurface and close-to-the-surface communication at the lower frequencies.
THE FIELD IN REGION 2 GENERATED BY A VER-TICAL ELECTRIC DIPOLE LOCATED IN REGION 0
In order to analyze the eld in the earth when the horizontal electric dipole source is located in the spherical earth, it is necessary to analyze the eld in the earth of a vertical electric dipole located in the air and that of a vertical magnetic dipole. First, Assuming that a vertical electric dipole is represented by the current density
The surface impedance 4 g at r = a ¡ l is de ned as
At lower frequencies, the surface impedance 4 g can be approximated as,
When the point of observation lies on the surface of the dielectriccoated spherical earth, r = a z r = 0, F s (0) = 1,
, and the formulas for the components E ' , E µ , and H ' of the eld generated by a vertical magnetic dipole can be simpli ed. They are 
If the point of observation is in the dielectric layer (Region 1, a ¡ l < r < a), the electromagnetic wave due to a vertical electric dipole travels along the earth's surface and travel down from the air to the point of the observation in the dielectric layer. With the aid of (10) and the boundary conditions at r = a, the formulas for the components E r , E µ , and H ' in the dielectric layer are expressed as follows; E r (r; ; ') E µ (r; ; ') H ' (r; ; ') : (13) When the point of observation lies on the interface between the dielectric layer and the earth, r = a¡ l, the formulas for the components E r , E µ , and H ' can be simpli ed as E r (r; ; ') E µ (r; ; ') H ' (r; ; ')
6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 : (15) If the point of observation (a ¡ l ¡ d r ; ; ') is in the earth (Region 2), the electromagnetic wave due to a vertical electric dipole travels along the earth's surface and travel down from the air to the point of the observation in the earth. With the aid of (14) and the boundary conditions at r = a ¡ l, the formulas for the components E r , E µ and H ' of the eld are expressed as follows; 
THE FIELD IN REGION 2 GENERATED BY A MAGNETIC DIPOLE LOCATED IN REGION 0
If the excitation source is replaced by a vertical magnetic dipole with its moment M = Ida, and da is the area of the loop, the nonzero components of the eld in the air are E ' , H r , and H µ (T E modes), which have been addressed in [18] .
where 
It is noted that the surface impedance of magnetic type is
When the point of observation lies on the surface of the dielectriccoated spherical earth, r = a z r = 0, G s (0) = 1, 
;
where
If the point of observation is in the dielectric layer (Region 1, a ¡ l < r < a), the electromagnetic wave due to a vertical magnetic dipole travels along the earth's surface and travel down from the air to the point of the observation in the dielectric layer. With the aid of (23) and the boundary conditions at r = a, the formulas for the components E r , E µ , and H ' are expressed as follows; E ' (r; ; ') H r (r; ; ') H µ (r; ; ') :(26)
When the point of observation lies on the interface between the dielectric layer and the earth, r = a¡ l, the formulas for the components E ' , H r and H µ can be simpli ed as E ' (r; ; ') H r (r; ; ') H µ (r; ; ') 
If the point of observation (a ¡ l ¡ d r ; ; ') is in the earth (Region 2), the electromagnetic wave due to a vertical electric dipole travels along the earth's surface and travel down from the air to the point of the observation in the earth. The formulas for the components E r , E µ , and H ' are expressed as follows; 
THE FIELD IN REGION 0 GENERATED BY A HORIZONTAL ELECTRIC DIPOLE SITUATED IN REGION 2
From the above expressions of the eld in region 2 of the vertical electric dipole and those of the vertical magnetic dipole, using reciprocity theorem, the complete formulas of the vertical components E he r and H he r of the eld in region 0 generated by a horizontal electric dipole situated in the region 2 can be developed easily.
where the superscripts he designate the horizontal electric dipole source, the horizontal electric dipole is located at (a ¡ l ¡ d s ; 0; 0), and z r is the height of the point of observation. 
COMPUTATIONS AND DISCUSSIONS
In [18] , both the excitation conditions of the trapped surface wave of electric type and those of the trapped wave of magnetic type have been addressed speci cally. when the dipole source is placed in the earth (region 2), the excitation conditions are same with those addressed in [18] . For the eld of a horizontal electric dipole, the trapped surface wave of electric type can be excited e¯ciently when the thickness l of the dielectric layer is larger than the speci c value and satis es the condition 0
The trapped surface wave of magnetic type can be excited when the thickness l of the dielectric layer is larger than the speci c value and satis es the condition
We assume that the radius of the earth is a = 6370 km, the dielectric medium in the region a¡ l < r < a (Region 1) is characterized by the relative permittivity " r1 = 15, and conductivity ¼ 1 = 10 ¡5 , the earth in the region r < a ¡ l (Region 2) is characterized by the relative permittivity " r1 = 100, and conductivity ¼ 1 = 4, f = 100 kHz, z s = 0 and d r = 0:5 m. The computations will carried out for the components of the eld in region 2 generated by a vertical electric dipole or a vertical magnetic dipole situated in region 0. jE r j in V/m and jH ' j in A/m due to unit vertical electric dipole at l = 55 m and l = 110 m are plotted in Figs. 2 and 3 , respectively. Similarly, jE ' j in V/m and jH r j Next, we will compute the components of the eld in region 0 generated by a horizontal electric dipole situated in region 2. If we assume that the parameters of the earth and the dielectric layer are same with the above computations in Figs. 2{5, the dipole is situated in region 2 with the depth d s = 0:5 m, and the point of observation is on the surface between the air and the dielectric layer, z r = 0, jE he r j in V/m and jH he r j in A/m due to unit horizontal electric dipole at l = 55 m and l = 110 m are plotted in Figs. 6 and 7, respectively.
CONCLUSION
In the above analysis, the simple explicit formulas have been derived for the electromagnetic eld in the earth when the vertical electric dipole and the vertical magnetic eld located in the air. Basing on these results, the formulas of the eld in the air generated by a horizontal electric dipole located in the earth have been developed readily. Finally, the computations have been carried out for the eld in the earth generated by a vertical electric and magnetic dipole situated in the air and the eld in the air generated by a horizontal electric dipole situated in the air. These formulas and computations can be used to the subsurface and close-to-the-surface communication at the lower frequencies.
